The CH 2 P N 2 reaction over the ground state potential energy surface has been investigated at the G2M level of theory. This reaction is directly relevant to hydrocarbon combustion chemistry, in particular, to`prompt NO' formation. A detailed mechanism via stepwise and concerted pathways to form HNCN, involving chain and cyclic intermediates, is presented. The proposed mechanism for NO formation is more favorable than the commonly assumed spin-forbidden path producing HCN N 4 S. The theoretically predicted heats of formation for NCN and HNCN are in excellent agreement with the recently reported experimental values. Ó
Introduction
Nitrogen oxides are toxic atmospheric pollutants produced by hydrocarbon combustion. The mechanisms for their production have been under investigation for several decades. The reaction of CHX 2 P with molecular nitrogen was predicted to be responsible for the so-called`prompt NO' formed in hydrocarbon/air¯ames in the primary reaction zone, where the temperature is not suciently high and the atomic oxygen concentrations are too small to account for the experimentally observed NO. According to Fenimore [1] , who ®rst proposed the mechanism in 1971, CH ®rst reacts with N 2 CH 2 P N 2 3 HCN N 4 S 1 producing HCN and N atoms which are then rapidly oxidized into NO under combustion conditions. Due to its signi®cance to hydrocarbon combustion and environmental interest in particular, reaction (1) has received much attention both experimentally [2±11] and theoretically [12±18] . Kinetic data for reaction (1) published prior to 1983 have been analyzed in terms of the RRKM theory by Berman and Lin [4] with a mechanism involving HCN 2 as the reaction intermediate.
Although reaction (1) has been widely accepted, there is no direct proof of its mechanism. The reaction is spin-forbidden, which brings about some degree of implausibility. This issue was once again brought up recently, when the result of a comprehensive study by Cui et al. [12, 13] indicated that the theoretically predicted rate constant for the formation of the spin-forbidden HCN N products was at least 2 orders of magnitude lower than experimentally measured values [6, 7] in shock-tube experiments at high temperatures. In this Letter, we have examined the mechanism for the CH N 2 reaction over the ground electronic doublet PES. The result of the study with a high level ab initio molecular orbital calculation, in conjunction with a multichannel RRKM analysis [19] , reveals conclusively that the prompt NO observed in hydrocarbon¯ames results primarily from the spin-allowed process
The reaction can take place via two cyclic ±C(H)NN± adducts and the HNCN radical, which fragments readily at high temperatures to produce NCN. The prompt NO can be formed by the rapid, exothermic oxidation of NCN by O x and HO x (x 1Y 2) under combustion conditions. Our search for the new prompt NO mechanism was motivated by two factors: (1) the formation of HNCN from CH N 2 is very exothermic and (2) the decomposition of HNCN producing H NCN is favored entropically by the barrierless decomposition process involving a loose transition state and energetically by the slightly lower energy of H NCN than that of the last transition state leading to the formation of HCN N on the quartet surface.
Here we report the results of our detailed transition state search by ab initio MO calculations for the reaction over the ground electronic doublet potential energy surface. The results of our kinetic modeling aided by RRKM calculations [19] strongly support the new spin-conserved mechanism.
Computational methods
Because of the overlap of the doublet state PES with that leading to the quartet state products, HCN NY studied by Cui and Morokuma [12] , our calculations were also carried out with the G2M(RCC2) method [20] , to be consistent with that used by them. The optimized geometries of the reactants, TS1, TS2, INT1, INT2 previously reported by these authors were reproduced in the present Letter. The equilibrium geometries of various species involved in the reaction are summarized in Fig. 1 .
Both B3LYP (Becke's three-parameter density functional [21] with the nonlocal correlation functional of Lee et al. [22] ) method with the standard 6-311G(d,p) basis set and/or MP2/6-311G(d,p) method were employed for geometry optimization, and frequency calculations. A scaling factor of 0.9646 was applied to ZPEs obtained from MP2 calculations while B3LYP computed frequencies and ZPEs were used without scaling. The connections between all saddle points and respective minima were con®rmed by intrinsic reaction coordinate (IRC) [23] calculations.
G2M is a composite scheme that requires single point calculations at various correlated levels including MP2, MP4, and RCCSD(T) calculations. Table 1 summarizes relative energies of the stationary points on the doublet PES at dierent levels of theory. All MO calculations were performed with the GAUSSIAN AUS SIA N94/98 [24] and MOLPRO OLPRO 98 [25] program packages.
The PES of the ground electronic doublet state are shown in Figs. 2 and 3 for the two dierent reaction paths. 
Results and discussion

PES of the ground electronic doublet state
Previous theoretical investigations of the CH 2 P N 2 reaction indicated two possibilities for the initial addition via an open chain`dative' complex, HCNN, or an addition to the triple bond of N 2 to form a cyclic structure [12, 16, 17] as alluded to above. The ®rst pathway was predicted to be responsible for the low temperature reaction kinetics [4,9±11] , whereas at the combustion temperatures beyond 1500 K it may not play a signi®cant role, because of the back reaction and the absence of thermodynamically favorable product channels. Under high temperature combustion Table 1 Relative energies (ZPE-corrected, in kcal/mol) of the reactants, products, and transition states involved in the CH N The CASPT2 single point energies are based on the CASSCF(7,7)/aug-cc-pVDZ geometries. conditions, the second product channel taking place via cyclic intermediates leading to HNCN and its decomposition products, H NCN, becomes dominant. Both mechanisms are presented below. CH N 2 3 HCNN . The addition reaction occurs barrierlessly without a well-de®ned transition structure. The geometry of the HCNN (diazomethyl) radical is presented in Fig. 1 . This complex is characterized by a strong N±N bond, 1.16 # A, and a dative nature of the C±N bond, 1.27 # A, which is shortened compared to a regular single bond due to resonance. Correspondingly, an unpaired electron is delocalized between the carbon and outer nitrogen atoms. The ground state of HCNN is A HH which is 12.5 kcal/mol more stable than its A H counterpart. As indicated by previous investigators [12] , the isomerization from HCNN to a cyclic structure, INT2, involves a very high lying transition state, ca. 60 kcal/mol at the G2M level, which means that we could safely ignore such a possibility in the interpretation of high temperature kinetics.
CH N 2 3 H NCN . The CH N 2 addition across the N 2 triple bond and subsequent isomerization up to a C 2v complex, INT2, has been described in detail in Ref. [12] . The previously considered lowest energy path involved a surface crossing as indicated by`Â' in Fig. 3 . This crossing occurs upon a ring opening of the second cyclic intermediate, INT2, since the resulting NC(H)N triradical has a quartet ground state which is 31.4 kcal/mol lower than the corresponding doublet state minimum. As the quartet product HCN N formation reaction is too slow to account for high temperature kinetic data as aforementioned, we searched for an alternative low energy pathway originating at the INT2 and occurring exclusively over the doublet surface.
The ®rst obvious possibility is a stepwise ring opening/hydrogen atom shift producing HNCN exothermically. From the second cyclic intermediate, INT2, the ring opening has a 56.6 kcal/mol barrier, high enough to rule out this scenario. The H-shift can occur as a ®rst step from either INT1 or INT2, but we could only ®nd a corresponding saddle point, TS4, for the H-shift from INT1 at the MP2 level of theory. To be consistent, we re-optimized the reactants, INT1 and INT3 with MP2/6-311G(d,p) and recalculated their G2M energies which turn out to be not very sensitive to the method of geometry optimization. The energy diagram for the stepwise pathway is presented in Fig. 2 . Evidently, the TS4 geometry is highly strained as one can see from Fig. 1(A) , and thus its relative energy is quite high, 45.7 kcal/mol with respect to CH N 2 at the G2M(RCC)//MP2/6-311G(d,p) level. The N±N distance is elongated from 1.275 to 1.409 # A in TS4, but still has a double bond character in INT4 because of the nitrogen lone pare interaction with C±N p-bond. In order to break N±N bond, INT4 should ®rst isomerize to INT5 where N±N bond is purely single, 1.673 # A. TS5 is a corresponding transition state that is 11.3 kcal/mol above INT4 or 15.8 kcal/mol above CH N 2 at the G2M(RCC)//MP2 level. In the TS5 purely single HN±C and HN±N bonds manifest that the interaction of the lone pair with the p-system is completely destroyed, but it is re-established in INT5, this time only with the carbon atom. From INT5 the ring opening occurs almost barrierlessly (ZPE-corrected TS6 energy is slightly below that of INT5) to form HNCN radical in its acetylene-like' geometry (vide infra). Clearly, the stepwise pathway is not plausible due to the ®rst very high barrier for the H-shift and can be safely ignored in the rate constant calculations.
On the other hand, the HNCN radical could also be formed by a concerted ring opening/hydrogen shift mechanism in which the barrier for HNCN production could be lowered by the energy release accompanying the formation of the CN triple bond. Such a transition structure, referred to as TS3, was indeed found. The N±N bond in INT2 is already quite weakened as indicated by its length of about 1.575 # A ( Fig. 1(A) ). Therefore, the ring opening can occur directly from INT2 and can be accompanied by a hydrogen atom shift from the carbon to one of the nitrogen atoms. In the TS3 the N±N bond is already broken, and the NCN fragment is nearly linear. The H-atom is still strongly bonded to the central carbon, the CH bond being only slightly elongated from 1.083 to 1.164 # A, while the smaller HCN angle being reduced to 85.0°. TS3 lies 11.7 kcal/mol above the reactants at the G2M(RCC) level.
HNCN radical. We devote this special section to HNCN radical due to some interesting results obtained in this study. Considering HNCN electronic structure and geometry, one could immediately draw an analogy with such species as HCCN or HCCO previously studied in detail [26, 27] . This is a class of molecules for which two distinct structures compete for the ground state: aǹ acetylene-like' and an`allene-like' structure. The former geometry implies an unpaired electron centering on the inner nitrogen of HNCN, whereas the latter has a radical center on the outer nitrogen. Intuitively, we expected the actual structure to be an average of the two due to resonance, but actually it was possible to locate two distinct minima at the B3LYP, MP2 and QCISD levels using GAUSSIAN A USSIA N98 geometry optimization code, see Fig. 1(B) . One of them denoted as HNCN (1) is acetylene-like' with a much shorter outer CN bond, whereas HNCN(2) can be rather described as`allene-like' with two CN bonds being nearly equal. Another signi®cant dierence between the two structures is the HNC angle. It is much smaller in the HNCN (1) (2) look very similar and that the unpaired electron is delocalized between the two nitrogen atoms in the former as much as in the latter radical. An interesting observation was made about the ordering of the orbitals in HNCN (2) . The highest occupied A HH -orbital corresponding to an unpaired electron and the highest occupied A H -orbital associated with the nitrogen lone pairs had very near energies (the dierence was 0.02±0.03 hartree depending on the method: B3LYP, MP2 or QCISD), and the A HH -orbital was the lower one. In HNCN(1), however, the reverse ordering was observed, while the energy gap was also small (0.001±0.04 hartree). At this point it is worthwhile to recall that in the linear HNCN these two orbitals would be degenerate, i.e., the inner nitrogen atom lone pair would have a pure pcharacter. Intuitively, HNCN(2) looks more like a Renner±Teller distorted linear structure. This is also suggested by a higher p-character of the lonedramatic dierence was also found for the ®nal products, H NCN, whose energy was lowered by about the same amount as TS3, 8.9 kcal/mol. This is inconsistent with the experimental HNCN dissociation energy and the NCN heat of formation, whereas G2M instead gives very close matches for these quantities. Unfortunately, because of this discrepancy we cannot simply rely on the CASPT2 results, but based on these results, we may guess that, perhaps, actual barrier height for the concerted ring opening H-atom transfer, TS3, is lower than the G2M value, though probably not as low as predicted by CASPT2.
Conclusion
We have theoretically investigated the CH N 2 3 H NCN reaction, occurring over the ground electronic doublet PES. The reaction is spin-allowed and more favorable than the commonly accepted, spin-forbidden path producing HCN N. Under combustion conditions, NO can be formed readily by the rapid oxidation of NCN by O x and HO x . Our theoretically predicted heat of formation for NCN radical is in excellent agreement with recent experimental results.
Note Added in Proof
Recently, Y. Kurosaki and T. Takayanagi reported in J. Phys. Chem. A 103 (1999) 9323 on the structure of HNCN in conjunction with the N 2 D HCN 1 R reaction. The optimized MP2(full)/cc-pVTZ geometry agrees closely with that of HNCN(1) presented in this Letter and Ref. [29] . Although the authors discussed the formation CH 2 P N 2 from the N 2 D HCN reaction, no direct connection between HNCN and CH N 2 has been established. 
